Most neurotransmission is mediated by action potentials, whereas sensory neurons propagate electrical signals passively and release neurotransmitter in a graded manner. Here, we demonstrate that Caenorhabditis elegans neuromuscular junctions release neurotransmitter in a graded fashion. When motor neurons were depolarized by light-activation of channelrhodopsin-2, the evoked postsynaptic current scaled with the strength of the stimulation. When motor neurons were hyperpolarized by light-activation of halorhodopsin, tonic release of synaptic vesicles was decreased. These data suggest that both evoked and tonic neurotransmitter release is graded in response to membrane potential. Acetylcholine synapses are depressed by highfrequency stimulation, in part due to desensitization of the nicotinesensitve ACR-16 receptor. By contrast, GABA synapses facilitate before becoming depressed. Graded transmission and plasticity confer a broad dynamic range to these synapses. Graded release precisely transmits stimulation intensity, even hyperpolarizing inputs. Synaptic plasticity alters the balance of excitatory and inhibitory inputs into the muscle in a use-dependent manner.
channelrhodopsin-2 ͉ graded release ͉ halorhodopsin ͉ synaptic depression ͉ synaptic facilitation I n most neurons, propagation of an electrical signal occurs via all-or-none action potentials. These regenerative depolarizations ensure that signal transmission is robust and reliable over long distances. Conversely, some neurons lack action potentials, and rely instead on passive propagation and graded release of neurotransmitter. Graded synaptic transmission depends on two attributes: passive propagation of membrane depolarization along the axon, and non-saturating calcium influx at the synaptic bouton. Thus, graded transmission is associated with a paucity or absence of the voltage-gated ion channels in the axon, and incomplete activation of voltage-gated calcium channels at the synapse. Graded release of neurotransmitter underlies synaptic transmission in spiking neurons as well: if action potentials are blocked by tetrodotoxin neurotransmitter, release varies linearly with membrane potential (1, 2) . The action potential simply fixes the size of the depolarization of the bouton.
The most well studied graded synapses are the ribbon synapses of the vertebrate retina, either those of the photoreceptor or the bipolar cells (3) . These neurons exhibit tonic release of neurotransmitter at rest. Evoked responses scale with the presynaptic stimulus (4) and thereby increase the information content at synapses. Sustained depolarization of the presynaptic cell results in increased neurotransmitter release (presumably by increasing miniature postsynaptic currents), and hyperpolarization results in decreased neurotransmitter release. These synapses show marked depression when stimulated but are also capable of high levels of sustained transmission under continuous stimulation (5, 6) .
It has long been believed that nematodes rely largely on passive propagation rather than action potentials. Early studies by del Castilo and colleagues hinted that neuromuscular junctions from the parasitic nematode Ascaris suum may exhibit graded release of acetylcholine (7) . Incontrovertible evidence for graded release in Ascaris was obtained by Davis and Stretton (8, 9) . Neurotransmitter release from the motor neurons is tonic (8) . These motor neurons exhibit linear changes in membrane potential in response to injected currents (9) , and depolarization is passively propagated to synaptic regions. However, the Ascaris muscles are too large to accommodate voltage-clamp studies, so miniature postsynaptic currents were never recorded. Presumably changes in the membrane potential of the motor neuron result in graded synaptic vesicle exocytosis, but this has not been demonstrated.
Indirect evidence suggests that the nematode Caenorhabditis elegans also relies on passive propagation. Classical voltage-gated sodium channels are absent in the C. elegans genome (10) . Consistent with this observation, the first electrophysiological recordings from C. elegans neurons demonstrated that the ASE sensory neuron is isopotential and lacks classical sodium-driven action potentials (11) . A more recent study found that the AVA command interneuron also lacks action potentials, although certain neurons such as the motor neuron RMD exhibit calcium-dependent voltagegated plateau potentials, suggesting that all-or-nothing signaling exists in C. elegans (12) . Thus, it appears that both analog coding and digital coding schemes exist in the C. elegans nervous system (13). It is not known whether the motor neurons in C. elegans act in a phasic or graded fashion. Here, we perform voltage-clamp analysis of the body muscles and find that the postsynaptic response scales with the strength of the stimulus to the motor neurons.
Typically, motor neurons in C. elegans are depolarized by applying an electric field to the bundle of axons in the ventral nerve cord. As an alternative to field stimulation, motor neurons can be selectively activated using the light-activated ion channel channelrhodopsin-2 (hereafter referred to as channelrhodopsin) (14) . Channelrhodopsin is a 7-pass trans-membrane protein from the green algae Chlamydomonas reinhardtii (15) , and forms a cation channel activated by blue light. This channel can be heterologously expressed and thereby confer excitation by light in many cells including Xenopus oocytes, HEK293 cells, mammalian central neurons, as well as C. elegans muscles and neurons (14) (15) (16) (17) (18) (19) . In all these systems, channelrhodopsin expression results in rapid depolarizing currents upon light stimulation, and it can be used for selective activation. Conventional field stimulation in C. elegans have been limited to single or low-frequency stimuli (20, 21) , as it is likely that repetitive stimulation kills the motor neurons. By contrast, motor neurons can tolerate high-frequency stimulation by channelrhodopsin (14) . Thus, channelrhodopsin offers an improved method for stimulation of the C. elegans neuromuscular junction compared with electrical stimulation. specific myo-3 promotor (Pmyo-3::ChR2::mCherry) in C. elegans and integrated into a chromosome [supporting information (SI) Fig. S1 A] . When the strain was raised in the presence of all-trans retinal, contraction of the body muscles in these animals was observed upon exposure to blue light (data not shown). A 1-second light stimulus triggered an inward photocurrent that rapidly declined to a steady state at approximately 50% of the initial current (Fig. 1A Left) . Currents with similar peak amplitude were elicited by 3-ms stimuli ( Fig. 1 A Right) .
To determine the temporal resolution of channelrhodopsinmediated photocurrents, we applied a train of 3-ms light pulses at increasing stimulation frequencies. At frequencies of 1, 5, and 10 Hz, channelrhodopsin was able to fully close during inter-pulse periods of darkness (Fig. S2) . At 20 Hz stimulation, photocurrents no longer returned to baseline during the inter-pulse period, resulting in an elevated basal current component throughout the train (Fig. S2) . Therefore, the maximal stimulation rate is 20 Hz for 3-ms light pulses. At all stimulation frequencies tested, the first peak of the train was similar in amplitude, and subsequent light-induced currents rapidly decreased in peak amplitude. Under highfrequency stimulation, the peak responses subsided to a level that was similar to the steady-state current attained upon prolonged light exposure. More than half of the initial current remains, and these trains of transients can be sustained for many seconds, suggesting that channelrhodopsin is not down-regulated by slow forms of inactivation, such as endocytosis, for the duration of these stimulations.
To determine the recovery rate of channelrhodopsin from the steady state, we performed a series of paired-pulse trials (Fig. 1B) .
We determined the ratio of the second peak to the first peak, and plotted these ratios relative to the recovery intervals (Fig. 1B  Bottom) . This recovery curve was best fit by a double-exponential function with time constants of 6.4 s Ϯ 3.2 and 0.6 s Ϯ 0. Light-Activated Motor Neurons. We expressed channelrhodopsin in acetylcholine neurons using the unc-17 promotor (Punc-17::ChR2:: mCherry). The expression of channelrhodopsin was confirmed by the presence of red fluorescence in the cell bodies of acetylcholine neurons (Fig. S1B ). These currents were completely blocked by d-tubocurare (data not shown), demonstrating that it was caused by acetylcholine release. The current amplitudes induced by light activation of the motor neurons resemble those evoked by electrical stimulation ( Fig. 2A) , although decay kinetics were slightly slower ( Fig. 2C ; P Ͻ 0.01). To confirm that light-evoked currents result from the canonical synaptic vesicle fusion machinery, we tested whether these currents required the unc-13 gene. UNC-13 is a protein essential for synaptic vesicle exocytosis (23) (24) (25) . Consistent with the absence of electrically evoked currents in unc-13(s69) mutants (25) , light stimuli failed to evoke detectable currents in unc-13(s69) Punc-17::ChR2::mCherry animals ( Fig. 2 A and D) . In contrast to acetylcholine motor neurons, evoked currents are not observed in GABA motor neurons with stimulating electrodes (26, 27) , possibly because they lack long processes in the ventral cord (Fig. S3) . To evoke GABA release by using light, we selectively expressed channelrhodopsin in GABA neurons using the unc-47 promotor. Transgenic worms were verified by the presence of red fluorescence in the nerve cord (Fig. S1C ). Animals were dissected and the muscles voltage-clamped at Ϫ60mV; blue light evoked robust postsynaptic currents (Fig. 2B ). This current was not reduced by the presence of d-tubocurare (data not shown), demonstrating that it was not caused by acetylcholine release. Compared with light-evoked acetylcholine currents, GABA currents were slightly smaller in amplitude (1.23 nA Ϯ 0.12, n ϭ 13) and slower in decay time (24.8 ms Ϯ 2.7, n ϭ 12), and were accompanied by profound asynchronous release (Fig. 2B ).
C. elegans Neuromuscular Junctions Exhibit Graded Release. We used light stimulation to determine if motor neurons exhibit graded release. If synaptic currents are stimulated by an action potential, presynaptic photocurrents that exceed the threshold should trigger postsynaptic currents of the same amplitude. Conversely, if synaptic currents are caused by graded release, increasing the strength of the stimulus will result in a gradual increase in the postsynaptic current.
To differentiate between these 2 possibilities, we varied the intensity of the light stimulus to the acetylcholine motor neurons (in Punc-17::ChR2::mCherry) using a fixed stimulation period (3 ms light pulse). The postsynaptic currents increased monotonically with increasing light stimuli to the motor neurons (Fig. 3A) . Similarly, photocurrents induced directly in the muscle (in Pmyo-3::ChR2::mCherry) increased monotonically with increasing light stimuli. We compared postsynaptic currents to photocurrents in the muscle stimulated by the same light intensity. Both directly induced photocurrents and evoked postsynaptic currents increased monotonically as the light intensity was increased (Fig. 3B ). After normalizing to the current amplitudes induced by our maximum illumination intensity (Ϸ10 mW/mm 2 ), the photocurrents and evoked postsynaptic responses coincided and were directly proportional ( Fig. 3 B and C) . In short, graded presynaptic depolarization of the motor neurons by photo-stimulation elicits graded postsynaptic currents. Many graded synapses release neurotransmitter tonically, such that hyperpolarization reduces neurotransmitter release and depolarization increases neurotransmitter release (8) . One possible mechanism that has been put forward for graded release is that the resting membrane potential of the neuron might lie in the middle of the activation curve of the voltage-gated calcium channel, so that small changes in the membrane potential could lead to increases or decreases in calcium influx (28) . This model suggests that the mini frequencies should decrease if the motor neuron is hyperpolarized. A potential technique for introducing hyperpolarization is by expressing halorhodopsin in the motor neurons. Halorhodopsin is a light-activated chloride pump; chloride transport into the cell will hyperpolarize excitable cells and decrease their activity (17, 19) . We generated a construct in which the halorhodopsin was fused to GFP (Halo::GFP) and expressed this fusion protein in acetylcholine motor neurons under the control of the unc-17 promotor (Punc-17::Halo::GFP). Exposure to yellow light paralyzed the transgenic animals raised in the presence of all-trans retinal (data not shown). Endogenous acetylcholine miniature currents were recorded at the neuromuscular junction of halorhodopsin-expressing worms. The recording pipette solutions were adjusted so that chloride was at equilibrium at the Ϫ60-mV holding potential and thereby eliminating confounding currents from the GABA neurons. The frequency of minis was significantly decreased during a 5-s flash of yellow light (Fig. 3 D and E) , suggesting that C. elegans acetylcholine motor neurons tonically release neurotransmitter at resting membrane potential and this release is at a dynamic range that can be either up-or down-regulated by membrane potential. Interestingly, the frequency of minis increased immediately after the light pulse (Fig. 3E) . Amplitudes of minis did not change during or after the light stimulation, indicating that the properties of postsynaptic receptors were not altered.
Depression Versus Facilitation at Acetylcholine and GABA Synapses.
We subjected acetylcholine and GABA motor neurons to repetitive stimulation to observe synaptic plasticity. At all stimulation frequencies tested, even at as low as 1 Hz, acetylcholine synaptic currents depressed rapidly. As previously observed (14) , in response to continuous illumination, the initial peak current was followed by a high rate of asynchronous release for the entire period of illumination (Fig. 4A Right) . It is not known whether the decrease is caused by synaptic depression or simply the inactivation of channelrhodopsin itself. To demonstrate that the decreased responses were caused by synaptic depression, we compared a test pulse after a single stimulus or after a high-frequency train of stimuli. The test stimulus was 10 s after the train-ample time for nearly full recovery of channelrhodopsin (96.3%; Fig. 1B) . A test pulse evoked 91.5% Ϯ 2.2% (n ϭ 15) of the initial response after a single conditioning light stimulus was delivered to the acetylcholine motor neurons (Punc-17::ChR2::mCherry animals; Fig. 4 C Left  and D) . By contrast, a test pulse applied after 10 Hz stimulation for 5 s evoked only 52.2% Ϯ 3.2% (n ϭ 23) of the first peak (Fig. 4 C  Right and D) . These data suggest that a decrease in synaptic transmission was caused by high-frequency stimulation.
Repetitive stimulation of GABA neurons also elicited usedependent depression of postsynaptic currents (Fig. 4B) . The rate of depression was slower and the amplitudes of sustained currents were larger for GABA neurons than those for acetylcholine neurons stimulated at the same frequencies.
Some of the observed decrease in synaptic currents is a result of inactivation or a reduced conductance state of channelrhodopsin rather than synaptic depression. Channelrhodopsin photocurrents rapidly decrease and then stabilize in response to repetitive light stimuli (Fig. S2) . Thus, the initial stimulating current in neurons will be of higher amplitude than subsequent stimuli. Because the synaptic responses are graded, a decrease in the stimulus strength will result in a smaller synaptic current even in the absence of synaptic depression. To measure synaptic depression, one must correct for changes in the size of the stimulus. The size of each stimulus in the neurons was linearly scaled with the light-induced current determined by direct light stimulation of C. elegans muscles (Fig. S2) . It is possible to make this correction because the postsynaptic currents are proportional to the stimulating currents from channelrhodopsin activation (Fig. 3C ). This correction is based on the assumption that channelrhodopsin currents decline in response to prolonged exposure to light in both motor neurons and muscles. This assumption is likely to be true as channelrhodopsin drops into a similar reduced conductance state in all cells tested (15, 18, 22) . Nevertheless, this assumption requires validation. We can determine if our corrected measure for the rate of depression using channelrhodopsin stimulation matches the rate of depression induced by direct electrical stimulation, in which the stimulation strength is constant. The ventral nerve cord was stimulated at 10 Hz using an electrode while recording currents in the body muscle (Fig.  4F) . Only preparations exhibiting full recovery were analyzed. The normalized currents from electrically stimulated motor neurons were plotted together with the corrected values for light-stimulated postsynaptic currents (Fig. 4E) . Depression determined by photostimulation was nearly identical to depression induced by electrical stimulation. These data demonstrate that photo-stimulation can be used to obtain measures of synaptic depression.
Acetylcholine synapses exhibit rapid depression even under low-frequency stimulation. At low-stimuli frequencies such as 0.2, 1, and 5 Hz, acetylcholine responses depressed following a single exponential decay ( ϭ 4.71 s Ϯ 1.24, n ϭ 7; 0.58 s Ϯ 0.11, n ϭ 9; and 0.09 s Ϯ 0.02, n ϭ 9, respectively) and eventually reached a steady state (Fig. 5A) . When re-plotted against stimulus number, one can observe that depression for low-frequency stimuli depends mostly on stimulus number ( ϭ 0.9 stimuli Ϯ 0.3 at 0.2 Hz, ϭ 0.6 stimuli Ϯ 0.1 at 1 Hz, ϭ 0.5 stimuli Ϯ 0.2 at 5 Hz; Fig. S4A ). At 1 Hz and 5 Hz, there was no further depression, and sustained transmission stabilized at approximately 50% of the initial current. At high frequencies (10 and 20 Hz), acetylcholine currents depressed at 2 rates. The very rapid rate eliminates 60%-70% of the current after a single stimulus ( ϭ 0.2 stimuli Ϯ 0.3 at 10 Hz, n ϭ 10, and 0.4 stimuli Ϯ 0.1 at 20 Hz, n ϭ 13). Sustained release also depresses under high-frequency stimulation at a slower rate that is correlated somewhat better with time than stimulus number [ ϭ 3.1 s Ϯ 1.8 at 10 Hz and 2.1 s Ϯ 0.8 at 20 Hz (Fig. 5A ) or ϭ 30.5 stimuli Ϯ 18.4 at 10 Hz and 42.5 stimuli Ϯ 16.8 at 20 Hz (Fig. S4A)] .
What causes the rapid depression of the acetylcholine synapses? One possibility is that the receptors on the muscle desensitize to further release of acetylcholine. There are 2 types of acetylcholine receptors at the neuromuscular junction that are distinguished by their agonist sensitivities: the nicotine-sensitive and levamisolesensitive receptors (20) . These receptors exhibit distinct desensitization kinetics that can be independently observed in mutants expressing only a single receptor type. The levamisole receptor is absent in unc-38 mutants, and the nicotine receptor is absent in acr-16 mutants (20, 29, 30) . We measured the desensitization time course of the nicotine or levamisole receptors in the continuous presence of acetylcholine (100 M, 5 s; Fig. 5C ). Nicotine receptors exhibit rapid and complete desensitization ( ϭ 0.29 s Ϯ 0.03, n ϭ 10) whereas levamisole receptors exhibit little desensitization (79.0% Ϯ 2.7% initial current at 5 s, ϭ 1.15 s Ϯ 0.14, n ϭ 7). To investigate postsynaptic contributions to synaptic depression, we stimulated the acetylcholine neurons and measured synaptic depression in unc-38(-) or in acr-16(-) animals. Under 10 Hz stimulation, initial rates of depression of synapses containing only the nicotine receptor are more rapid than in the WT, whereas depression of synapses containing just the levamisole receptor is slower than in the WT (Fig. 5D) . Slow rates of depression remain unchanged in these mutants. These data suggest that rapid depression at acetylcholine synapses is caused partially by the rapid desensitization of nicotine receptors, and slow depression is likely a result of a presynaptic mechanism.
The GABA receptors are also known to desensitize to sustained application of neurotransmitter (31) . We measured desensitization of the GABA receptor by applying GABA (100 M, 5 s) to muscles. The rate of desensitization of GABA-induced currents ( ϭ 0.62 s Ϯ 0.10, n ϭ 7) resembles desensitization of acetylcholine currents in the WT, i.e., when both the nicotine and levamisole receptors are present ( ϭ 0.44 s Ϯ 0.13, n ϭ 12; Fig. 5C ). These data suggested that GABA synapses would exhibit synaptic depression under high-frequency stimulation. In fact, after the first few stimuli, GABA synaptic currents exhibited an intermediate rate of depression under high-frequency stimulation (10 Hz: ϭ 0.83 s Ϯ 0.14, n ϭ 13; 20 Hz: ϭ 0.62 s Ϯ 0.08, n ϭ 9; Fig. 5B ). However, GABA synaptic currents exhibited significant facilitation for the first few responses at 10 Hz and 20 Hz stimulation, and exhibited no or only slight depression at 1 Hz and 5 Hz stimulation (1 Hz: linear responses, n ϭ 8, 5 Hz: ϭ 1.13 s Ϯ 0.47, n ϭ 8. Fig. 5B and Fig.  S4B ). These data suggest that the receptor field cannot be fully saturated with neurotransmitter and desensitized even after several evoked responses. Facilitation followed by slow depression is typical of synapses with a low probability of release (32) . Thus, the facilitation of GABA currents is possibly caused by presynaptic mechanisms. Importantly, under high-frequency stimulation, both acetylcholine and GABA synapses can sustain a sizable evoked response without further depression.
Discussion
Graded synapses exhibit several common features: tonic release of neurotransmitter, decreases or increases in release in response to hyperpolarization or depolarization, and evoked responses that are graded with respect to the size of the depolarizing stimulus. Here we demonstrate that the neuromuscular junctions of C. elegans exhibit the properties of graded synapses. If channelrhodopsin were specifically localized to synapses, photostimulation could act locally to stimulate the synaptic calcium channels and induce graded neurotransmitter release. However, channelrhodopsin is not localized exclusively at synapses, but is rather diffuse in neurons. Moreover, photo-stimulation of the neurons elicits responses identical to electrical stimulation to distal regions of acetylcholine neurons. Thus, the graded responses observed using photo-stimulation are likely to result from passive propagation of membrane potentials into synaptic varicosities, which then cause a proportionally scaled release of neurotransmitter.
Ribbon synapses in the visual pathway possess similar properties (33) (34) (35) (36) . The presynaptic stimulus pattern is reproduced in the postsynaptic neurons due to the near linear relationships between membrane potential, calcium current, and exocytosis (4, 37) . Two factors are believed to contribute to this graded synaptic transmission. First, the relationship between the rate of fusion and local calcium is relatively shallow at the ribbon synapse at low concentrations of calcium (4), so increasing calcium leads to a gradual increase in exocytosis. Most other well studied synapses exhibit a approximately third-order relationship (38) (39) (40) , so increasing calcium over a small range can lead to a burst of exocytosis. Second, intracellular calcium concentrations in ribbon synapses do not increase to levels at which calcium becomes cooperative under physiological conditions (41) . The underlying molecular mechanism for this specialized transmission of analog signals is still unknown (3). Nevertheless, graded synaptic transmissions grant the vertebrate ribbon synapse the extraordinary ability to relay detailed and temporally precise information about graded changes in presynaptic membrane potential. It is not clear why the nematode neuromuscular junction resembles the vertebrate visual system. One possibility is that tonic acetylcholine release maintains bodywall muscle tension, and graded release permits the body curvature or bending frequency to be precisely modulated by subtle changes in presynaptic inputs.
At most synapses, periods of elevated activity lead to usedependent synaptic depression (42) , whereas others are stable or exhibit facilitation (43, 44) . Acetylcholine motor neurons in C. elegans exhibit conspicuous depression even after a single stimulation. About half of this rapid depression is contributed by desensitization of the postsynaptic receptor. Depletion of the presynaptic vesicle pool may contribute to slow components of depression. However, we cannot exclude contributions from nonsynaptic changes in presynaptic motor neurons. For example, because of the small diameter of C. elegans motor neurons, repetitive stimulation could cause changes in the ion gradients and decrease stimulation efficiency, perhaps exacerbated by the presence of channelrhodopsin in the membrane. Nevertheless, the near-perfect overlap of depression induced by channelrhodopsin or by stimulating electrodes suggests that the mechanisms of depression are similar. In contrast to acetylcholine synapses, GABA synapses exhibit facilitation under high frequency stimulation, followed by slow depression. Facilitation and slow depression are the hallmarks of synapses with a low release probability for the readily releasable pool (32) . One must be cautious, because poor expression of channelrhodopsin might fail to activate rapid depression. However, observations of single evoked responses indicate the GABA synapses differ in a fundamental way: the presence of multiple peaks in a single evoked response suggests that asynchronous release contributes to the breadth of GABA-gated evoked currents.
One of the goals of studies of C. elegans is to understand how circuits produce behavior. Knowing the connectivity and whether a synapse is excitatory of inhibitory will not suffice.
Graded release suggests that the output of a circuit may be a shifting integration of analog inputs. Moveover, use-dependent plasticity will change the character of synapses during behavior. Modeling behavior must move beyond arithmetic.
Materials and Methods

A detailed description of methods is in SI Text.
Electrophysiology. Electrophysiological methods were performed as previously described (20, 27) with minor adjustments. Light source was an AttoArc 2 HBO 100-W system. A Zeiss bandpass filter set was used to excite channelrhodopsin (at 450 -490 nm) or halorhodopsin (at 540 -552 nm). The light on/off switch was controlled by a Uniblitz VS25 shutter.
of -60 mV. All recordings were made at room temperature (22°C) using an EPC-10 patch-clamp amplifier (HEKA). Data were acquired using Patchmaster software (HEKA). All data analysis and graph preparation was performed using Fitmaster (HEKA), Mini Analysis (Synaptosoft), and OriginPro 7.5 (Origin Lab). All statistic data are presented as mean Ϯ SEM. Paired-Pulse Protocol. For each trial, we first gave a single pulse that was followed by a second pulse after a variable delay. These inter-pulse intervals ranged from 50 ms to 15 s. Between consecutive trials there was Ͼ30 s of darkness to allow for complete channel recovery. We determined the ratio of the second current peak to the first current peak, and plotted these ratios relative to the recovery intervals.
Illumination System. Light source was from an AttoArc 2 HBO 100W system (Zeiss) with an Osram mercury arc bulb (Osram). A Zeiss bandpass filter set was used to excite channelrhodopsin (at 450-490 nm) or halorhodopsin (at 540-552 nm). Light intensity was controlled by dialing the power supply. Light on/off switch was controlled by a VS25 shutter and a VCM-D1 driver (Uniblitz). Light-activated currents in channelrhodopsin or halorhodopsin transgenic animals were evoked by shining light (10 mW/mm 2 unless specified) onto the dissected worm preparation on a Zeiss Axioskop microscope, equipped with a ϫ40 water-immersion objective and ϫ15 eyepieces. Rapid shutter opening and closing was triggered by TTL signals from the HEKA EPC-10 amplifier. A liquid light guide (Sutter) was installed between the Axioskop microscope and the shutter to avoid mechanical vibrations during repetitive stimulations. Light intensity was measured with a Coherent FieldMax II-TOP laser power/energy meter.
Retinal Feeding. Transgenic worms were grown in the presence of all-trans retinal approximately 16-48 h before electrophysiological experiments. All transRetinal (Sigma) was dissolved in ethanol to make 100 mM stock solution and stored at -20°C in the dark. Nematode growth medium plates were seeded with 4 L 100 mM retinal stock solution mixed with 250 L OP50 per 50-mm plate. Seeded retinal plates were kept in the dark at -4°C for as long as 1 week. Young adult transgenic worms were transferred from regular plates to freshly seeded retinal plates in the dark at room temperature 
